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TECHNICAL NOTE
Flow-induced errors in estimating perfusion pressure
of the isolated rat kidney
RODGER LOUTZENHISER, CHARLES HORTON, and MURRAY EPSTEIN
Nephrology Section, Veteran's Administration Hospital, and Departments of Pharmacology and Medicine, University of Miami School of
Medicine, Miami, Florida
The isolated perfused rat kidney has proven to be a very
useful model for the assessment of the intrinsic renal actions of
agents in a setting devoid of extrarenal influences (for review
see [I]). A cell-free artificial medium of defined composition is
employed usually for reasons of economy, as well as experi-
mental design. The low viscosity of such media results in
relatively high perfusate flow rates. The small size of the renal
artery of the rat dictates the use of small-bore arterial cannulas
that exhibit a significant resistance and induce a large decre-
ment in pressure at the high flow rates encountered with this
preparation. Since perfusion pressure is routinely monitored
proximal to the arterial cannula, the pressure drop imposed by
the cannula represents a potential source of error in the
estimation of renal perfusion pressure. Furthermore, since
perfusion pressure is an important determinant of renal func-
tion, such an erroneous estimation of this parameter may alter
observed renal function inadvertently, thereby confounding the
interpretation of results obtained with this model.
The potential for flow-induced errors in the estimation of
renal perfusion pressure is most problematic in studies designed
to assess the renal hemodynamic effects of vasoactive agents
under conditions of constant perfusion pressure. In this study,
the difficulties of maintaining constant renal perfusion pressure
under conditions of changing renal perfusate flow (RPF) are
examined. Simple procedural modifications are presented that
allow a more accurate control of renal arterial pressure.
Methods. Male Sprague-Dawley rats, weighting 350 to 400 g
and allowed free access to food and water, were used as kidney
donors. Extracorporeal perfusion of the right kidney was per-
formed utilizing a procedure modification of Nishiisutsuji-Uwo,
Ross, and Krebs [2], which has been previously described in
detail [3] and is summarized below. Donor animals were
anesthetized with mactin (100 mg/kg body weight) and the
abdominal cavity exposed by transverse incision. A small (PE-
10) catheter was inserted into the right ureter for the collection
of urine. The right renal artery was cannulated in situ by
introducing the arterial cannula through the superior mesenteric
artery and across the aorta. Perfusion with warm, oxygenated
media was initiated during the cannulation procedure. The
perfused kidney was excised and placed in the recirculating
perfusion apparatus described below.
The perfusing media consisted of a Krebs-Ringers bicarbon-
ate buffer, containing 5 mi D-glucose, 10 m sodium acetate, 8
gIdl bovine serum albumin (fraction V, Reheiss Chemical Co.,
Kankakee, Illinois) and a complement of amino acids as previ-
ously described [3]. The initial volume of media in the system
was 150 ml.
The perfusion apparatus is diagrammed schematically in
Figure 1. This system was designed to provide oxygenated
media at a constant pressure, perfusate flow being set by the
renal vasculature. The perfusate enters the renal arterial cannu-
Ia from a pressurized reservoir. The driving force is provided by
a regulated inflow of warm, hydrated, 95% 02 and 5% CO2
which exits the reservoir via an adjustable back-pressure type
regulator (Fairchild, Model IOBP, Winston-Salem, North Caro-
lina). Perfusion pressure was set at the desired value by
adjusting this gas outflow regulator. The venous effluent was
allowed to drain freely into a water-jacketed funnel and re-
turned to the pressurized reservoir using a calibrated roller
pump (Masterfiex, Model 7565, Chicago, Illinois).
The perfused kidneys were allowed to equilibrate for 20 mm,
and then urine samples were collected at 10-mm intervals.
Media samples were obtained at the midpoint of the urine
collections. Urine volume was determined gravimetrically.
Glomerular filtration rate (GFR) was estimated from the renal
clearance of carboxyl '4C-inulin (New England Nuclear, NEC-
164a, Boston, Massachusetts). Renal perfusate flow rate was
determined by the calibrated roller pump used to return the
venous effluent. Angiotensin II (Hypertensin, Ciba) was admin-
istered after 40 mm. An initial priming dose sufficient to
establish a media concentration of 1.0 ng AII/ml was followed
by a sustaining dose of 0.35 ng All/mm.
Pressure was monitored both proximal to the arterial cannula
and at the level of the renal artery using strain gauge transduc-
ers (Bently, Model 800, Irvine, California). Renal arterial
pressure was determined by means of a small polyethylene
catheter inserted through a 17 gauge arterial cannula (Fig. 2).
The pressure-sensing catheter consisted of a section of PE-lO
tubing that had been stretched to approximately one half of its
original diameter. To avoid the possibility of a Venturi effect,
care was taken to ensure that the catheter tip was not advanced
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Fig. 1. Schematic representation of recirculating perfusion circuit. The
perfusion pressure is derived from a constant inflow of 95% 02, 5% CO2
and is controlled by adjusting the back-pressure type regulator placed in
the gas escape line. The second pressurized reservoir depicted on the
right is utilized for in situ perfusion during the initial cannulation. The
arrows indicate the direction of flow of media.
Media from
pressurized reservoir
Luer lock' connector
with side arm
Fig. 2. Schematic representation illustrating the placement of polyeth-
ylene catheters to monitor perfusion pressure proximal to the arterial
cannula and at the cannula tip.
beyond the end of the arterial cannula. We tested the validity of
this approach by measuring the pressure drop across the arterial
cannula, using the indwelling catheter, and comparing these
results to those obtained using the method described below and
in Figure 3. Identical changes in pressure were observed as flow
through the cannula was varied, indicating that the pressure
reading obtained with the indwelling catheter was not altered by
a Venturi effect at the catheter tip.
During the initial 40 mm, the perfusion pressure was adjusted
to maintain a value of 100 mm Hg at the level of the renal artery.
Following the administration of All, two protocols were fol-
lowed: In protocol A, the pressure monitored proximal to the
arterial cannula was maintained constant. In protocol B, the
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Fig. 3. Diagram illustrating the apparatus utilized to measure the
resistance characteristics of renal arterial cannulas. The flow rate
through the cannula was varied by adjusting the hosecock. The magni-
tude of the pressure drop across the cannula was determined by
monitoring the pressure at the level of the connector side arm and at the
level of the glass "t" connector.
pressure monitored at the level of the renal artery was main-
tained at 100 mm Hg.
The resistance of 17, 18, and 20 gauge arterial cannulas was
determined by measuring the pressure drop across the cannula
as perfusate flow was altered. Figure 3 illustrates the apparatus
used for this purpose.
Results. Figure 4 illustrates the flow-dependent nature of the
pressure drop imposed by various sizes of renal arterial cannu-
Las. Note that at the high media flow rates encountered with this
model (for example, 40 to 60 ml/min), a significant decrement
would exist between the pressure monitored proximal to the
cannula and the actual perfusion pressure within the renal
artery. Also, the pressure drop imposed by the arterial cannula
decreases in magnitude when the renal perfusate flow is re-
duced. Thus, if the pressure proximal to the arterial cannula is
held constant during the administration of a vasoconstrictor,
the renal arterial pressure would increase as RPF falls.
This point is well illustrated by the studies presented in
Figure 5. These data are representative of five studies during
which pressure was monitored simultaneously proximal to the
cannula and at the cannula tip (Fig. 2) during the administration
of All. When the pressure monitored proximal to the cannula
was maintained constant (protocol A), the pressure within the
renal artery increased by 38 mm Hg, as RPF fell. Under these
conditions, GFR decreased by 34%, RPF decreased by 53%,
and filtration fraction increased. In contrast, when the pressure
within the renal artery was maintained at 100 mm Hg during the
administration of All (protocol B), greater decreases in GFR
and RPF were observed (that is, 70 and 71%, respectively).
Under the latter conditions, no increase in filtration fraction
occurred.
Discussion. The purpose of the present communication was
to assess whether or not the intrinsic resistance of the renal
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Fig. 4. The relationship between perfusate flow and the pressure drop
across various size arterial cannulas. The cannula-induced drop in
pressure is most marked with the smaller gauge cannulas. Note that as
perfusate flow decreases, the pressure drop imposed by the cannula
diminishes in magnitude.
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arterial cannula may induce unrecognized alterations in renal
hemodynamics in the isolated perfused rat kidney. We have
demonstrated that, as predicted by the flow equation of Poi-
Fig. 5. Representative studies illustrating the contrasting results ob-
tamed depending upon the level at which perfusion is maintained
seuille [4], the resistance of the arterial cannula imposes a flow-
dependent decrement between the pressure proximal to the
.
cannula and at the cannula tip. The flow-dependent nature of
the pressure drop imposed by the renal arterial cannula must be
considered when attempting to maintain a constant renal perfu-
constant during the administration of All. In protocol A, the pressure
monitored proximal to the cannula was maintained constant. The
pressure measured at the level of the renal artery increased as RPF
decreased. Filtration fraction increased. In protocol B, the pressure
monitored at the cannula tip was maintained constant by reducing the
pressure in the media reservoir as RPF decreased. A greater decrease in
sion pressure under conditions of changing renal perfusate flow
(that is RPF).
GFR was observed and filtration fraction was unchanged. Minutes after
the addition of 1.0 ng All/mi is denoted at the bottom of each panel.
In this study, the possibility of flow-induced errors in the
estimation of perfusion pressure causing spurious results during
the administration of angiotensin II was assessed directly.
When the pressure monitored proximal to the cannula was In conclusion, the results of this study indicate that the flow-
maintained constant during the administration of the vasocon- dependent pressure drop imposed by the renal arterial cannula
strictor, the decrease in RPF resulted in a reduction in the is an important source of artifact which must be considered in
magnitude of the pressure drop imposed by the arterial cannula. evaluating results obtained with the isolated perfused rat kid-
This in turn resulted in a net increase in the pressure measured ney. The potential for flow-induced errors in the maintainence
at the level of the renal artery (Fig. 5A). The increase in renal of constant perfusion pressure is most problematic during
arterial pressure undoubtedly contributed to the diminished conditions in which renal perfusate flow is changing. The
All-induced reduction in GFR under these conditions. When magnitude of such errors would be sufficient to cause diametri-
All was administered under conditions in which the renal cally opposite results depending on the method used to measure
arterial pressure was maintained constant, a more profound perfusion pressure. The simplest procedural modification to
decrease in GFR was observed (Fig. 5B). The results shown in eliminate this problem is to monitor perfusion pressure at the
Figure 5 were obtained using a 17 gauge cannula. As indicated level of the renal artery (Fig. 2). When using this direct
by Figure 4, the use of smaller cannulas would result in an even approach, one must adhere to the precautions we have outlined
greater flow-induced increase in renal arterial pressure during to avoid a Venturi effect, which would result in artifactually low
the administration of All. Thus, the results obtained during the pressure readings. Alternatively, as RPF varies, the perfusion
administration of a vasoconstrictor to this model depend on the pressure which is monitored proximal to the cannula can be
level at which perfusion pressure is monitored and maintained corrected for the flow-dependent pressure drop imposed by the
constant during the experiment as well as the size of the renal cannula. The latter procedure requires that the resistance
arterial cannula. characteristics of the particular arterial cannula in use (Fig. 3
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